Plasma rotation plays a large role in determining the size and 
Introduction
The solar wind is a supersonic plasma which continuously flows away from the Sun 26 and fills the entire solar system. Its formation was theorised by Parker [1958] and it was 27 first directly observed by the Luna 1 spacecraft and confirmed by Snyder and Neugebauer 28 a combination of observations made by the same spacecraft and MHD simulations, and 100 found that the degree of asymmetry varied with solar wind dynamic pressure. where r 0 is the magnetopause stand-off distance, D P is the solar wind dynamic pressure 105 and α = 6 for a dipole-like configuration as was found for the Earth by Shue et al.
average behaviour of the magnetopause over many spacecraft orbits, this is a reasonable 140 assumption to make.
141
In these investigations and the present study, the location of the magnetopause bound- not be investigated due to the limited coverage of these equatorial orbits.
147
In the absence of an upstream pressure monitor at Saturn, the solar wind dynamic pres-148 sure may be estimated by measuring the magnetic field inside the magnetopause and 149 assuming that the total solar wind pressure, P SW , balances the corresponding magnetic 
where B is the magnetic field just inside the magnetopause, µ 0 is the magnetic permeabil-152 ity of free space and Ψ is the angle between the anti-solar wind direction and the normal 153 to the magnetopause.
154
P SW consists of two individual (but related) pressure contributions, the dynamic and static
where P 0 is the static pressure and D P denotes the dynamic pressure, the relative im-
157
portance of these contributions depends on which part of the magnetopause is being 158 considered. Arridge et al. [2006] set P 0 to a constant pressure of 10 −4 nPa found from 159 average solar wind values, using the work of Slavin et al. [1985] . However, the solar wind 160 flows in curved streamlines around the magnetosphere which acts to reduce the pressure as 161 opposed to the situation where the particles impact the boundary directly. Petrinec and
162
Russell [1997] showed that applying Bernoulli's equation along the solar wind streamlines where r is the distance from the centre of the planet to a point on the magnetopause 176 surface, θ is the angle between the point and the planet-Sun line, r 0 is the magnetopause 177 stand-off distance and K is an exponent that controls the flaring of the magnetopause.
178
This formalism is versatile as it can represent a variety of different magnetosphere mor- 
the coefficients a i were found by using a non-linear least squares fitting method to fit gas law is used to do this,
where n and T are the number density and temperature of the solar wind and k B is the
200
Boltzmann constant. An expression for the dynamic pressure is then substituted,
where u SW is the upstream solar wind velocity.
202
The effects of plasma pressure are also included in the model of Kanani et al. which is capable of detecting ions with energies in the range 27-4000 keV.
208
Making these modifications, Equation 4 becomes,
where P MIMI is the pressure contribution of the suprathermal ions measured by the MIMI 210 instrument and P ELS is the pressure contribution of the electrons measured by the CAPS-
211
ELS instrument. supply the centripetal force in order to keep the plasma within the layer rotating, hence, 
where B 0 is the equatorial surface magnetic field strength with a typical value of 245 ∼20000 nT and R S is the equatorial radius of Saturn with a value of 60280 km.
246
Hence,
247
F CF ∆ ≤ 3 · 10
as, in reality, the density and rotation rate of the layer will be intermediate between the CAPS-ELS datasets for each crossing used in the analysis.
258
Generally speaking, upon a transition from the magnetosheath to the magnetosphere, an 259 increase in the total field strength as well as a rotation in the field is observed in the MAG 260 data. In addition, the magnetic field is usually much steadier inside the magnetosphere.
261
However, this is not always the case and a positive identification of a magnetopause cross-
262
ing is not always possible using MAG data alone. In this situation, plasma data can 263 provide complimentary information.
264
A sudden drop in the density of the plasma is observed in the CAPS-ELS data, typically
265
by an order of magnitude, when the spacecraft passes from the magnetosheath to the 266 magnetosphere. Also, the modal energy of the plasma just inside the magnetosphere is 267 typically an order of magnitude greater than in the magnetosheath. As such, it is often 268 much easier to detect magnetopause crossings in the CAPS-ELS data than the MAG data.
A series of magnetopause crossings are shown in Figure 1 which and an increase by an order of magnitude from one 10 minute-average to the next is not 291 uncommon. The population contributing this pressure consists mainly of protons and ions of oxygen (dominated by O + ). As oxygen ions are much more massive than protons, they 293 contribute about four times more to the total pressure than a proton of similar velocity.
294
As a result, it only takes a short interaction with a stream of these ions to increase the 295 total pressure by an order of magnitude (N. Sergis, private communication).
296
Further statistical measures have been used in order to reduce the effect of this on our 297 results. For each magnetopause crossing, the average magnetic field is taken inside the 298 magnetosphere as close to the crossing as possible, over a representative interval of time.
299
This interval must be long enough such that at least three measurements of the hot plasma In addition to this effect, some crossings present in the unflattened case may no longer 346 be present when the magnetopause geometry is modified. This is because the Newton-
347
Raphson iteration method used to fit the surface to each individual crossing cannot, in 348 some cases, converge. The further the magnetopause is perturbed from the axisymmetric 349 case by varying E, the more difficult convergence seems to become. at which these crossings were observed.
355
However, it is important to note that it is difficult to determine if the observed confinement 356 is polar flattening, arising due to the disk-like nature of the obstacle to the solar wind flow, for the crossings near the start of the observation period.
362
The crossings at the largest values of Z KSM (coloured orange and red in Figure 3) 
409
For an axisymmetric surface, the ratio
is expected to be unity at all points on the 410 surface. When the surface departs from axisymmetry, the stand-off distance for an axisym-411 metric model fitted through any point on the surface where Z KSM = 0 will be consistently 412 underestimated compared to a flattened model, and hence P GLOB will be consistently 413 overestimated and the ratio will drop below unity. 
418
The crossings follow a log-normal distribution which is largely enclosed by this interval but 419 there exists some crossings that depart greatly from the expected range. These cannot be 420 explained by the departure of the surface from axisymmetry and we suggest that they arise 421 due to the departure of the surface from equilibrium, which is the underlying assumption 422 made throughout this process. Hence, ratios that depart greatly from this range imply 423 that the magnetopause was subject to strong accelerations at the time the observation 424 was made. Values of
far from unity indicate a strong discrepancy between where Cassini encountered the magnetopause and where it would have encountered it, had it 426 been in equilibrium. As a result, this ratio can be used as a diagnostic to determine if the 427 magnetopause was likely to be close to equilibrium when the spacecraft encountered it.
428
In Figure 5 a new criterion has been included to filter the data set by removing any cross- 
Statistical Tests
Let us consider the Wilcoxon signed rank test [Wilcoxon, 1945] , applied to a subsample 435 of our magnetopause crossings which lie in a given range {Z 0 , Z f } of the Z KSM coordinate.
436
We will refer to this range as the 'Z KSM band' of this subsample.
437
The quantity, ∆ρ to which we apply the rank sum test are defined as follows: for E = 1 (the axisymmetric case) and E < 1 (a flattened magnetopause model).
447
Let us represent these two sets of distances as ∆ρ i (E = 1) and ∆ρ i (E = 0.80) with equal to or exceeding their observed value, given that they correspond to a magnetopause 464 with a given flattening parameter E.
465
The results of this test applied to the data shown in Figure 7 are shown in that a significant number of crossings lie within each band, the minimum value chosen for 487 ∆Z KSM was 5 R S and this was increased in steps of 1 R S up to a maximum value of 10 R S .
488
As there are many more crossings at smaller values of Z KSM , it was found that bands at 489 values of Z KSM between 20-35 R S were sparsely populated. Crossings in these bands were 
494
This procedure yielded a mean, modal and median value of E of 0.82 with an uncertainty 495 of ± 0.03 indicating a polar confinement of 20% ± 3%.
496
A second uncertainty estimate has been made using a Monte Carlo (BCa bootstrap) 497 method. Here, the same procedure used to determine E in Section 4.3 is used, but this time
498
N crossings are randomly drawn with replacement from our population of N crossings.
499
As the crossings are drawn with replacement, a different set of crossings are drawn for 500 each resampling and, as a result, the best fitting value of E changes. This was repeated 
Magnetopause Pressure Dependance
The reduced set of crossings has been separated into two groups in Figure 8 , one where 504 the estimated dynamic pressure is above the average and where it is below. There seems 505 to be a better distribution of crossings with low D P whereas the crossings at high D P 506 seem to be clustered within 3 regions of local time.
507
The same techniques as previously discussed have been used to determine the value of
508
E that provides the best fit between the model and each data sample. For the low D P 
Trajectory Analysis
In order to be sure that we are adequately sampling the mean position of the boundary,
519
we need to analyse the spacecraft trajectory and ensure that, even for the high-latitude 
531
Occasionally this may be impossible due to a data gap or other such anomaly, in which 532 case this interval is discarded. ability that the actual value of ρ KSM exceeds that of ρ j KSM can be estimated as 
545
The data points were then separated into two groups based on their φ KSM angles into a large degree of flattening were in the X KSM = 0 -25 R S range as can be seen in Figure   555 2 (b). We capture the transition distance in all but one of the X i KSM bins in this range.
In addition to this, on average the transition distance is a few R S smaller in the polar 557 dataset than in the equatorial dataset, consistent with a polar confinement. 
Phase of the Global Magnetic Oscillation
As mentioned previously, the planetary-period magnetic oscillation that has been ob-559 served at Saturn is likely to have had an effect on the position of the magnetopause 560 crossings used in this study. For the current study, this oscillation is not taken into ac-561 count and is treated as noise.
562
However, a small investigation has been undertaken to determine if the apparent flattening expected that the crossings at larger Z KSM would be clustered together at a similar lon-577 gitude in the SLS3 system, but this is not the case.
In addition to this, if the magnetic oscillation was the dominant influence on the high- 
Discussion
We have investigated the structure of the magnetopause of Saturn using in-situ Cassini 583 data paying particular attention to the high-latitude regions which haven't previously 584 been studied in detail. Magnetometer and electron plasma spectrometer data has been 585 used to identify magnetopause crossings from a set of highly inclined orbits and estimate 586 the solar wind dynamic pressure at each crossing.
587
This allowed us to normalise the crossings to a fixed pressure so that we could fit models estimates deviate by more than a factor of 3.
593
By applying a simple dilation to the axisymmetric magnetopause boundary in the Z KSM 594 direction, a north-south flattening of 19% within a confidence interval of 13-22% has been 595 found compared to the axisymmetric case.
596
The magnetopause crossings identified in this investigation are limited almost exclusively netodisc has on the structure of the magnetopause.
606
Additional layers of complexity could be added to the model in future studies to improve 607 its fit to the data. The phase of the magnetic oscillation has been briefly touched upon in 608 this study to determine if it could explain the apparent polar flattening that we observe.
609
It was found that the crossings at high Z KSM where we see a large degree of polar flat- 
